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• Introduction/motivation


• Results from independent population analysis. 
Focus on spin.


• GW151226 bimodal posterior.

Outline



Masses and spins of individual Black Holes

The BHs observed by LIGO are surprisingly heavy. They are both heavier than 
the BH in binaries in our own galaxy and some of them seem heavier than 
what our theoretical calculations seem to allow. They also seem to be spinning 
slowly. 

Figure 1. Masses and spins for 10 black holes
with approximate error bars. The three high-
mass-X-ray-binary systems, LMC X-1, Cygnus
X-1 and M33 X-7 are indicated by names above
the line and in red online.

Figure 2. Distribution (upper bound) of
spins for black holes in NSBH binaries, with
masses greater than 2M�, assuming NS natal
spins of 0, BH natal spins of 0.5 and merging
in 15 billion years. Adapted from [14].

square root charge of 4.6 ⇥ 10�45 seconds). The reason for the violation of the Kerr bound in
these cases is that elementary particles typically have Planckian values of spin, but not of mass.
Of the Standard Model elementary particles, only the Higg’s boson satisfies the Kerr bound
because its charge and spin are thought to be zero.

Object Mass [s] J/M [s] a⇤
Earth 1.5⇥ 10�11 1.3⇥ 10�8 895
Sun 4.9⇥ 10�6 6.1⇥ 10�6 1.2
VFTS 102 1.2⇥ 10�4 9.3⇥ 10�3 75
PSR J1748-2446ad 6.9⇥ 10�6 2.9⇥ 10�6 0.4
Cygnus X-1 7.30⇥ 10�5 7.23⇥ 10�5 0.99

Table 1. Approximate values of mass and specific angular momentum for the Earth, Sun, a
rapidly spinning massive star VFTS 102, a rapidly spinning neutron star PSR J1748-2446ad and
a rapidly spinning black hole Cygnus X-1. For ease of comparison, both the mass and specific
angular momentum values are given in seconds.

2. X-ray observations
X-ray observations of accretion disks have been able to measure the spins of around 10 stellar
mass black holes [11]. These are displayed in Fig 1.

Of these most are Low Mass X-ray Binary (LMXB) sources and are unlikely to form the
double compact object systems necessary to be seen by the current generation of ground-based
gravitational wave detectors. Three of the systems (LMC X-3, M33 X-7 and Cygnus X-1) are
High Mass X-ray Binaries (HMXB) where the companion to the black hole is a massive star,
with mass greater than ⇠ 10M� and these systems do have a chance to form either neutron
star-black hole binaries or binary black holes systems. These systems in themselves are not
targets for current ground-based GW observatories as they are many millions of years away
from merging but it is interesting to note that all three of these HMXBs have black holes with
large spins a⇤ > 0.85 and this suggests that the population of black holes in compact binary
systems might be dominated by black holes with large spins. The probability of obtaining three
values all above 0.7 from a flat distribution is only 3% .

Nielsen 1604.00778



Formation channels 
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2. FORMING HEAVY BBHS IN GCS

We extract from our 48 models all the binaries that
appear similar to GW150914. We start by looking at any
BBH whose source-frame component and chirp masses
fall within the 90% credible regions for GW150914
(m1 = 35.7+5.4

�3.8M�, m2 = 29.1+3.8
�4.4M�, and Mc =

27.9+2.1
�1.7M�, from The LIGO Scientific Collaboration &

The Virgo Collaboration 2016b). This corresponds to
a total of 262 BBHs from 40 of the 48 GC models, 259
of which merge outside the cluster. We assume all GCs
formed ⇠ 12 Gyr ago (at z ' 3.5, consistent with GCs
in the Milky Way, although other galaxies, such as the
Large and Small Magellanic Clouds, have significantly
younger GC populations). Of the 8 GC models that
do not contribute BBHs with masses like GW150914,
4 have disrupted before 12 Gyr and are exlcluded from
our analysis, and the remaining 4 have low initial N and
lower number of initial BHs. The remaining 40 GC mod-
els contribute roughly equal numbers of GW150914-like
BBHs (when normalized to the number of initial stars
in each model). Our models show a strong dependence
on metallicity, with the Z = 0.05Z� and 0.01Z� models
contributing nearly 3 and 5 times as many BBHs as the
Z = 0.25Z� models, respectively.
We then define a true GW150914 progenitor to be

the subset of these 262 binaries that merge between 7
and 13 Gyr after GC formation, corresponding to merg-
ers that occur in the local universe (z < 0.5). We
find 14 such systems across our 48 models, all of which
were ejected from the cluster prior to merger. Of these
14, we find that 10 originate from 5 GC models with
similar initial conditions, corresponding to GCs with
lower metallicities (0.05Z� and 0.01Z�, typical for the
low-metallicity clusters in most galaxies), large masses
(N = 1 ⇥ 106 and 2 ⇥ 106 initial particles, correspond-
ing to final masses of 3⇥ 105M� to 6⇥ 105M� today),
and typical virial radii (Rv = 2 pc). That these binaries
(and the majority of all 262 GW150914-like BBHs) form
from low metallicity and massive clusters is unsurpris-
ing: lower metallicities yield less e↵ective stellar winds
(Vink 2011), reducing the amount of mass that is lost
before a massive star collapses, and producing “heavy”
BHs like the observed components of GW150914 (Bel-
czynski et al. 2010; Mapelli et al. 2013; Spera et al.
2015). Furthermore, massive clusters produce a larger
number of BHs, which enhances the dynamical produc-
tion of BBHs.
The preference for clusters with larger virial radius (2

pc versus the more compact 1 pc clusters) arises from the
need for long inspiral times. Binaries with total masses
of ⇠ 60M� are more massive than the average stellar or
BH mass in the cluster, and are typically ejected within
the first few Gyrs of a cluster’s evolution. However, since

Figure 1. Interaction diagram showing the formation history
for two GW150914 progenitors in a single GC model. From
top to bottom, the history of each individual BH that will
eventually comprise a GW150914-like binary is illustrated,
including all binary interactions. The legend shows the var-
ious types of gravitational encounters included in our GC
models (with the exception of two-body relaxation). In each
interaction, the black sphere represents the GW150914 pro-
genitor BH, while the blue and red spheres represent other
BHs (and stars) in the cluster core.

Rodriguez et al. 1604.04254

Belczynski et al. 2016

• Rate 
• Masses 
• Spin 
• Eccentricity

There already is interesting spin 
information



PE run characteristics

• Precession and higher modes for all systems using IMRPhenomXPHM 
approximant (modes=(2,2)(2,1)(3,3)(3,2)(4,4). Sampler: PyMultiNest (LVC 
population paper did not reanalyze the O1 & O2 events, used published 
posteriors run with IMRPhenomPv2. Used HM for O3a)


• Uniform  prior in chi effective. 


• Population analysis following Roulet et al. 



High Mass End

There are several examples of events with masses above the pair instability threshold.  

We reproduce LVC results.  

Note that there is already one event O2 (GW170812) in the IAS sample. GW170729  was also 
heavy although consistent with the cut-off. It was marginal in the LIGO pipeline but was 
completely above the background in our search.  



Spin expectations

• Black holes are born with low spin


• In binary systems, prior to the formation of the second black hole, tides 
can spin up the WR star and lead to high spin


•  Second generation black holes have significant spins


• In the field binary channel, the is a preference of the spin to be aligned 
with the orbital angular momentum


• In dynamical channels the spin orientation is random 



Spin measurements
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FIG. 2. Upper panels show the whitened strains around the trigger time of GW151216 in LIGO Hanford/Livingston detectors
(light colored curves). Overplotted are the maximum likelihood fits using the spin-aligned IMRPhenomD waveforms (dark colored
curves). Lower panels show the corresponding spectrograms. Note that the best-fit gravitational waveform accumulates nearly
the entire signal-to-noise in the frequency range [30, 300] Hz.

�e↵ = (m1 �1z + m2 �2z)/M . This prior is de-
signed such that �e↵ is distributed uniformly within
[��max, �max].

We choose �max = 0.99 in order to allow highly spinning
mergers.

To leading order, �e↵ is the only spin parameter that
determines the phasing of the gravitational waveform.
The isotropic spin prior strongly penalizes configurations
in which the two black holes have large and aligned spins,
and hence the induced prior on �e↵ is significantly peaked
around �e↵ = 0. The isotropic prior is a natural conse-
quence of dynamical models for BBH formation. In order
to examine the impact of this assumption on parameter
estimation, we contrast the results with those obtained
using the flat prior on �e↵ (as a proxy for other astro-
physical scenarios).

Figure 3 shows the posterior distributions for Mdet,
q and �e↵ under the two di↵erent spin priors. Under
the isotropic spin prior, the most probable value for �e↵

is ' 0.55, which is already higher than the values ob-
served in previous LIGO/Virgo BBH events. In addi-
tion, the mass-ratio q ⇠ 0.4 is peaked away from unity.
However, the isotropic spin prior peaks at �e↵ = 0, and
is suppressed at �e↵ ' 0.55. This suggests that even
higher values are penalized by the prior rather than by
the data itself. Under the flat �e↵ prior, we indeed mea-
sure a higher value for the aligned spin �e↵ = 0.81+0.15

�0.21,
which requires both black holes to be rapidly spinning

and aligned. The mass ratio q is also consistent with
unity, and hence, the choice of spin prior also a↵ects the
most probable value for the chirp mass.

The maximum likelihood solution has a strikingly high
value of �e↵ = 0.84 for the aligned spin, and a mass
ratio q ⇡ 1. In all the two-dimensional marginalized
joint posterior distributions of Figure 3, the maximum
likelihood parameters coincide with the most probable
a posteriori values for the flat �e↵ prior, but fall nearly
outside the 95% quantiles for the isotropic prior. More
formally, the Bayesian evidence ratio between the flat
�e↵ prior and the isotropic spin prior is K ⇡ 22, which
favors the former prior choice over the latter in the sense
of Bayesian model selection [14].

Table I summarizes the source parameters and their
uncertainties under the two di↵erent spin priors. The
results demonstrate the impact of the choice of priors
on GW parameter estimation [15]. Astrophysical mech-
anisms that involve binary stellar evolution can form
aligned and highly spinning black hole binaries [16]; thus,
we should take care to adopt priors that do not unfairly
penalize solutions with large aligned (or anti-aligned)
spins.

Spin-misaligned model. In this section, we expand
the parameter space to allow for misaligned component
spins, and examine the gravitational wave data for evi-
dence for the associated spin-orbit precession. To date
spin-orbit precession has not been detected in any of the

• Distribution not consistent with negligible spin


• Clear tail on the positive side, of order 1/3 events


• No evidence of negatively chi effective


• Volume effect does not seem to explain the asymmetry



Naive tides

Several of the events with non-zero chi effective have relatively small values. They are 
inconsistent with the assumption that either primary or secondary are maximally spinning 
while the other BH does not spin.  



• Spins are small but the distribution is not consistent with no spin. 


• All the significant detections are on the positive spin side (small caveat, positive spin 
events are louder but this does not seem enough). This points to a significant 
contribution of the binary channel 


• There is no evidence for negative spin. (Absence of evidence not the same as 
evidence of absence) 


• Several of the spins that are significantly different from zero are still small. Not very 
consistent with the naive tide scenario 

Basic summary



Hierarchical Bayesian model
• Simple models reproduces conclusions 

above


• If we use a Gaussian pdf we reproduce 
LVC results. Width of Gaussian larger 
than mean, so model has negative chi 
effective tail. 


• We need more data and we have to be 
very careful with these type of analysis. 



A boxing day surprise:  
GW151226

• Bimodal posterior


• 65% of the samples are in a low 
mass ratio peak. Similar to 
GW190412?


• Low q peak has 6 points higher 
likelihood. These are not two 
separated peaks in the likelihood, 
but the result of a competition 
between likelihood and parameter. 


• To find these solution both higher 
modes and precession are 
necessary. 


• Is this a more general 
phenomena? Six point in log 
likelihood is a large number, 
should we be worried about 
prospects of identifying these 
type of systems?



HM and misaligned spins

• 33 mode is the needed to see the low-q 
peak


• Precession is needed


• Primary spin is consistent with a~0.7 



Other extreme mass ratio examples

• GW190412 and GW152626 Evidence of 
precession, dynamical channel?


• GW190814 is not spinning. Very well 
constrained.


• Could GW190412 and GW152626 be 
secondaries?


• Must be a very efficient as we do not see many 
‘progenitors’ events and there is no substantial 
selection effect difference. 



Summary

• The origin of BH binaries is an astrophysical puzzle. We might be able to 
solve it in the near future by studying the properties of individual systems. 


• Puzzling results in the heavy and light ends of the BH mass function.  Spin 
distribution begins to be informative. 


• Spin distribution does not seem symmetric. There is no evidence for 
negative chi effective. Field binary channel seems to play an important 
role. 


• GW152626 has bimodal posteriors. The low q solution requires higher 
modes and precession. Even though the low-q solution has a higher 
likelihood (six points) phase space effects prevent an unambiguous 
determination. Is this more general? Should we worry? 




